We previously demonstrated that quercetin, a naturally occurring flavonoid with strong antioxidant properties, was able to enhance programmed cell death in HPB-acute lymphoblastic leukemia (ALL) cell line, derived from a human tymoma, when associated with the agonistic anti-CD95 monoclonal antibody. Here, we report that HPB-ALL cells are normally resistant to CD95-mediated apoptosis, and quercetin is able to sensitize this cell line through a mechanism independent of its antioxidant properties. In fact, other compounds structurally and functionally similar to quercetin, when associated with anti-CD95 antibody did not induce any CD95-mediated apoptosis, still maintaining their antioxidant capacity. We found that quercetin effects are mediated by the activation of PKCa. Treatment of HPB-ALL cells with quercetin slightly decreased PKCa activity, but when the flavonoid was associated with anti-CD95, the kinase activity increased by 12-fold with respect to the treatment with quercetin. In addition, overexpression of PKCa induced programmed cell death in the absence of any additional stimulus, while a kinase-defective mutant of PKCa was ineffective. Our data confirm the involvement of specific PKC isoforms in CD95 signaling and suggest, for the first time, that quercetin targets this pathway increasing apoptogenic response in a cell line resistant to CD95-mediated apoptosis.
Introduction
Flavonoids are polyphenolic antioxidants naturally present in vegetables, fruits and beverages, such as tea and wine (Middleton and Kandaswami, 1993) . Although still controversial, a large number of epidemiological and molecular studies suggest that a daily intake of flavonoids could reduce the incidence of several types of cancers in animal models (Galati et al., 2000; Mouria et al., 2002) , as well as in humans (Le Marchand et al., 2000; Weisburger, 2000; Yang et al., 2001) . Therefore, food polyphenols have been included in the category of chemopreventers (Stavric, 1994) , being natural agents able to inhibit the development of invasive cancer either by blocking the DNA damage that initiates carcinogenesis, or by arresting or reversing the progression of premalignant cells in which such damage has already occurred (Chemoprevention Working Group, 1999; Reddy, 2000) .
Quercetin (3, 3 0 , 4 0 , 5, 7,-pentahydroxyflavone) is the major dietary flavonoid, particularly abundant in fruits and vegetables, with a daily intake in European countries of 25-30 mg (Noroozi et al., 2000) . Some food, such as wine and tea, may contain a concentration of quercetin up to 150 mm (Goldberg et al., 1996) . Quercetin has been reported to inhibit the growth of various cell lines derived from human cancers (Avila et al., 1994; Ferrandina et al., 1998) , as well as tumor formation and progression in animal models (Kang et al., 1999; Caltagirone et al., 2000; Mahmoud et al., 2000; Yang et al., 2001) . This molecule blocks the cell division cycle primarily at G1/S transition (Casagrande and Darbon, 2001) . The effects of quercetin on cell division cycle regulation are possibly mediated by the downregulation of mutated p53 (Avila et al., 1994) , ras and c-myc oncogenes , or by upregulating p21 WAF1/CIP1 and p27 KIP1 (Casagrande and Darbon, 2001) . Alternatively, quercetin effects on tumor cell proliferation might be related to its ability to inhibit various tyrosine kinases (Hagiwara et al., 1988; Kang and Liang, 1997) . In addition, the ability of quercetin to inhibit both protein kinase C (PKC) (Agullo et al., 1997; Kang and Liang, 1997; Gamet-Payrastre et al., 1999) and inositol 1,4,5-triphosphate kinase (PI 3 K) (Agullo et al., 1997; Gamet-Payrastre et al., 1999; Weber et al., 1999) is well documented. Several reports indicate that quercetin exerts its anticancer activity by inducing apoptosis, as a consequence of cell cycle block, suggesting that the failure of malignant cells to bypass quercetin-dependent cell cycle arrest triggers apoptosis (Larocca et al., 1997; Wang et al., 1999; Mahmoud et al., 2000) . Although not well reviewed, data exist on the antiapoptotic effects of quercetin (Ishikawa and Kitamura, 2000) , as well as on its potential genotoxicity in non malignant cells (Plaumann et al., 1996) .
We recently reported that quercetin per se is not apoptogenic, nor toxic when assayed on HPB-acute lymphoblastic leukemia (ALL) cell line, derived from a human tymoma (Russo et al., 1999) . However, if apoptosis was induced by activating the CD95 (Fas/ Apo-1) pathway, the presence of quercetin strongly enhanced the apoptotic response (Russo et al., 1999) . The majority of ALL are resistant to CD95-triggered apoptosis, although they express significant levels of CD95 receptor ; therefore, we hypothesized that quercetin might sensitize cancer cells allowing them to bypass their intrinsic resistance to CD95-mediated apoptosis. In the present report, we investigated the molecular mechanism underlying quercetin effects on HPB-ALL cell line.
Programmed cell death (PCD), or apoptosis, is the result of complex signal transduction pathways, bringing about gene-mediated cell death. PCD plays an essential role in physiological processes such as differentiation (Jacobson et al., 1997) and immune system regulation (Nagata, 1997) . Moreover, apoptosis being a process regulated by specific gene activity is sensitive to mutations; therefore, defects in PCD can be responsible for human diseases including cancer (Lowe and Lin, 2000) . The CD95 apoptotic pathway has been well characterized since it plays a fundamental role in immunosurveillance and in immune evasion by tumors (Krammer, 2000; Lowe and Lin, 2000) . CD95 is a member of the TNF growth factor receptor superfamily and is currently recognized as the principal cell surface receptor involved in the signal transduction that induces apoptosis in the immune system and in a variety of tumor cells (Krammer, 2000) . CD95-mediated apoptosis can be triggered following engagement of the CD95 receptor by a specific ligand (CD95L), expressed on activated cytotoxic T cells, or by specific anti-CD95 monoclonal antibodies (Alderson et al., 1994) . Both stimuli lead to the trimerization of the receptor that enables the adapter molecule, FADD/Mort1, to bind CD95 via their homologous death domains (Chinnaiyan et al., 1995) . Contemporarily, the FADD death effector domain recruits the homologous domain on procaspase-8 (FLICE, MACH, MCH5) (Muzio et al., 1996) forming the death-inducing signaling complex (DISC). Recruitment of procaspase-8 to the DISC leads to its proteolytic activation, which cleaves several proteins including procaspase-3, whose activation to caspase-3 leads to apoptosis completion (Krammer et al., 2000) . Scaffidi et al. (1998 Scaffidi et al. ( , 1999 identified two different pathways downstream of CD95: in type-I cells, CD95-mediated apoptosis requires a strong activation of caspase-8 at the DISC complex followed by caspase-3 activation. In type-II cells, very little DISC is formed; consequently, the caspase cascade is not propagated directly, but via mitochondria (Hangartner, 2000) .
Several aspects of the molecular mechanisms responsible for CD95-mediated apoptosis are currently under investigation. Among these, the activity of PKC and the role of reactive oxygen species (ROS) represent two aspects of the same problem complicated by conflicting results. PKC family consists of at least 11 isoforms depending on their ability to bind and be activated by Ca 2+ and phorbol esters (reviewed in Parekh et al., 2000) . Generally, PMA (12-O-tetradecanoylphorbol-13-acetase-3-acetate)-sensitive isoforms of PKC, for example, the canonical (cPKC) isoforms a, b, g and the novel (nPKC) isoforms d, e, Z and y, may be responsible for the inhibition of CD95-mediated apoptosis in type-II cells (Ruiz-Ruiz et al., 1999; Scaffidi et al., 1999) . PKC activation protects against apoptosis, while PKC inhibitors are apoptogenic (Jarvis et al., 1994) . On the other hand, activation of cPKCa downstream from caspases mediates apoptosis in HL60 (Shao et al., 1997; Shimizu et al., 1998) , and proteolytic cleavage of nPKCd plays a role in apoptosis induction in several systems (Mandil et al., 2001) . It has been hypothesized that one possible mechanism responsible for the antiapoptotic effects of PKC involves ROS production whose intracellular increase inhibits CD95-mediated apoptosis (Clement and Stamenkovic, 1996) . However, the role of ROS during apoptosis is highly debated and their requirement for PCD depends probably on the specific cellular system investigated (Fiers et al., 1999) . In this context, quercetin represents an interesting molecule to investigate the role of ROS and PKC in CD95-mediated apoptosis, since it is extremely efficient in scavenging ROS (Bors et al., 1990) , and it is able to inhibit PKC activity in vitro (Kang and Liang, 1997; Davies et al., 2000) . At molecular level, quercetin lowers intracellular ROS, and leaves the expression of CD95 receptor unchanged (Russo et al., 1999) . In the present work, we demonstrate that quercetin acts upstream of caspase-8 and -3, with a mechanism independent of its antioxidant activity. In addition, we suggest a crucial role for cPKCa when CD95-mediated apoptosis is associated with quercetin treatment.
Results

HPB-ALL are type-II cells
Cell lines can be divided into two main groups: type-I and type-II relative to their apoptotic pathway downstream to CD95 receptor. For example, Jurkat and CEM cells behave as type-II cells (Scaffidi et al., 1999) . To collocate HPB-ALL cells in one of these two groups, we determined their response to three parameters that characterize type-II cells after stimulation with anti-CD95 antibody: sensitivity to PMA, sensitivity to CHX and activation of caspase-9. HPB-ALL cells were responsive to PMA, which resulted in the inhibition of CD95-mediated apoptosis, as reported for other type-II cells (Scaffidi et al., 1999) . This has been demonstrated both in terms of caspase-3 activation ( Figure 1a ) and cell viability (data not shown). Similarly, HPB-ALL, as well as Boe(R) (Scaffidi et al., 1999) and HeLa cells (Wajant et al., 2000) were sensitized to CD95-mediated apoptosis by treatment with CHX ( Figure 1b) . Finally, in HPB-ALL cells, anti-CD95 antibody activated caspase-9, an apoptotic effector only in type-II cells (Figure 1c) .
We concluded that HPB-ALL cells behave as type-II cell lines, similar to Jurkat cells and other cell lines of similar origin (CEM and Boe(R)) (Scaffidi et al., 1999) .
Quercetin and anti-CD95 antibody sensitize HPB-ALL cell lines to PCD
We recently demonstrated that quercetin is able to enhance apoptosis induced by CD95 agonist antibody in HPB-ALL cell line (Russo et al., 1999) . HPB-ALL cells were more resistant to CD95-induced apoptosis in terms of caspase-8 (Figure 2a ) and caspase-3 (not shown) Figure 1 HPB-ALL are type-II cells. (a) HPB-ALL cells (3 Â 10 6 / well) were pretreated with PMA (200 nm) for 10 min, or PMA followed by incubation with anti-CD95 (50 ng/ml) for 6 h. At the end of the treatment, caspase-3 activity was measured to quantitate apoptosis. (b) CHX was added to HPB-ALL at a concentration of 500 ng/ml for 60 min, followed by the addition of anti-CD95 (50 ng/ ml) for 12 h. Cell viability was determined by neutral-red viability test and expressed as per cent with respect to untreated cells (Materials and methods). Asterisk indicates Po0.01 compared to anti-CD95. (c) HPB-ALL cells were treated with anti-CD95 (50 ng/ ml) for 6 h, before measurement of caspase-9 activity performed using a commercially available kit. Bar graphs represent the mean of three experiments (7s.e.) Figure 2 Quercetin enhances apoptosis in HPB-ALL cell line. (a) HPB-ALL and Jurkat cell lines (3 Â 10 6 /well) were treated with anti-CD95 (50 ng/ml) for 6 h, followed by the determination of caspase-8 activity. In (b) and (c), HPB-ALL cells were added with anti-CD95 (50 ng/ml), quercetin (50 mm), or both for 6 h before the measurement of caspase-8 (b) and caspase-3 (c) activities. Control cells (untreated) were treated with DMSO, the solvent employed to solubilize quercetin. Bar graphs represent the mean of three experiments (7s.e.)
Quercetin enhances CD95-mediated apoptosis by activation of PKCa M Russo et al activation compared to Jurkat cells derived from a lymphoblastic leukemia, similar to HPB-ALL ( Figure 2a ). The addition of quercetin, together with anti-CD95 antibody, sensitizes the response of HBP-ALL cell line to CD95-induced apoptosis, as demonstrated by the levels of caspase-8 and -3 activities (Figure 2b and c, respectively). In HPB-ALL cells, the association between quercetin and anti-CD95 caused an increase of 10.16-and 43.09-fold in the enzymatic activity of caspase-8 and -3, respectively, compared to the treatment with quercetin. Similarly, caspase-8 and -3 activities increased by 2.87-and 3.48-fold, in cells treated with quercetin plus anti-CD95 with respect to those treated with anti-CD95 (Figure 2b and c). Jurkat cells were also sensitive to the association between quercetin and anti-CD95 in terms of caspase activation, although in a much less extent (data not shown). Therefore, since the ability of quercetin plus anti-CD95 to bypass CD95 resistance was enhanced in HPB-ALL cells with respect to Jurkat cell line, we focus our attention maximally on HPB-ALL.
To further characterize the ability of quercetin to sensitize HPB-ALL to CD95-dependent apoptosis, we performed a time course of caspase-8 and -3 activation after treatment with quercetin and anti-CD95. As reported in Figure 3 , quercetin did not show any significant effect during the treatment, but, after its association with anti-CD95, the increase of caspase activities was evidenced from 2 h. At 4 h, the proapoptotic effect of anti-CD95 was maximal and remained high until 8 h. The presence of quercetin in association with anti-CD95 caused an increase of caspase activities that picked at 8 h for both enzymes, although the rise in caspase-3 activity was sharper (Figure 3b ), accordingly with its downstream position in the caspase cascade.
Therefore, the addition of quercetin not only potentiated the effect of anti-CD95, but also extended the wave of caspase activation making the apoptotic process more effective.
Quercetin activity is independent of its antioxidant properties
Quercetin possesses well-documented antioxidant properties (Bors et al., 1990) , and is able to lower the ROS level in HPB-ALL cells (Russo et al., 1999) . Since ROS decrease has been associated with apoptotic induction (Clement and Stamenkovic, 1996; Fiers et al., 1999) , we reasoned that the apoptogenic activity of quercetin, in association with anti-CD95, could be simply because of the ability of the molecule to scavenge ROS. To verify this hypothesis, we tested the activity of other molecules structurally and/or functionally related to quercetin, for example, other flavonoids and canonical antioxidant compounds. As summarized in Table 1 , quercetin was the only molecule able to decrease intracellular ROS and to show a significant proapoptotic activity associated with anti-CD95, both in terms of cell viability and caspase-3 activity. Other molecules, such as catechin and myricetin, structurally very similar to quercetin, acted as 'good' antioxidants, but were unable to enhance CD95-mediated apoptosis. Similarly, quercetrin, a quercetin glucoside, presented a comparable ability to decrease ROS with respect to the other flavonoids tested, but the reduction in cell viability was not significant. The other compounds, reported in Table 1 , were less active in decreasing ROS with respect to flavonoids, and their apoptogenic activity was not significant. The concentrations used in the experiment reported in Table 1 represent the maximal, non cytotoxic concentrations for each single compound, selected after specific doseeffect curves on HPB-ALL cells (data not reported).
From this experiment, we conclude that the ability of quercetin to enhance CD95-mediated apoptosis was specific and not simply related to its antioxidant properties. Therefore, its mechanism of action might be sought in the well-documented ability of quercetin to inhibit several protein kinases involved in regulating cell homeostasis. Quercetin enhances CD95-mediated apoptosis by activation of PKCa M Russo et al
Quercetin enhances cPKCa activity
Several in vivo and in vitro studies describe the capacity of quercetin to inhibit protein tyrosine and serine/ threonine kinases (Gamet-Payrastre et al., 1999; Weber et al., 1999) . Therefore, in order to collect information on the possible mechanism of action of the molecule, we performed an immunoblotting using two different antiphosphotyrosine monoclonal antibodies on cell extracts deriving from HPB-ALL cells treated for different times (from 15 min to 2 h) with quercetin, anti-CD95 and the association of both. However, we did not detect any difference in tyrosine phosphorylation (data not reported). The immunoblotting showed in Figure 4 respresents an example of the effect of tyrosine phosphorylation on HPB-ALL cells treated for 1 h with quercetin and anti-CD95. The slight differences in band intensity among lanes were not reproducible; similar results were obtained when we incubated HPB-ALL cells with quercetin and anti-CD95 for longer (up to 2 h), or shorter (up to 30 min) times (data not reported). Subsequently, considering the ability of quercetin to inhibit serine/threonine kinases, we concentrated our attention on the possible effect of quercetin on PKC activity since the inhibition of PKC by quercetin has been reported (Kang and Liang, 1997; Davies et al., 2000) , and the involvement of PKC in apoptosis is well documented, although still controversial (reviewed in the Introduction). To characterize the role of PKC in our system, we first performed an immunoblotting to verify which of the different PKC isoforms were expressed in the HPB-ALL cell line. Figure 5 reports that among the classical PKC isotypes (cPKC: a, b and g), only a was present (Figure 5a ), while none of the novel forms of PKC (nPKC: d, e, Z and y) was apparently expressed in an asynchronous population of HPB-ALL cells (data not reported). Finally, among the atypical PKC isotypes (aPKC: z and i), iota (i) was present, although we did not detect any change in the level of protein expression in HPB-ALL cells treated with quercetin and anti-CD95 (Figure 5b ). To exclude any contribution of aPKCi to the apoptogenic activity of anti-CD95 and quercetin association, we measured aPKCi enzymatic activity towards histone H1 after immunoprecipitation of the kinase from HPB-ALL cell lysates treated as described in Figure 5c . We detected a very low level of aPKCl activity compared to that measured in other systems (for example K562 cells stimulated by taxol used as positive control), where aPKCl was activated (Jamieson et al., 1999) ; more important, kinase activity did not show any significant change in untreated cells compared to cells treated with anti-CD95, quercetin or both (Figure 5c ). The absence of any difference in aPKCi expression and activity in HPB-ALL cells treated as described above excluded any contribution of this isoenzyme to the mechanism underlying quercetin activity. A similar situation has been described for aPKCz with respect to anti-CD95 treatment (Mizuno et al., 1997) . Subsequently, we examined the role of cPKCa in our model. HPB-ALL cells were slightly sensitive to PMA, an activator of PKC-mediated cell growth, confirming the antiapoptotic role of PKC (Krammer, 2000) . Therefore, we reasoned that quercetin, a nonspecific inhibitor of PKC, was able to increase apoptosis in anti-CD95-treated cells by counteracting the antiapoptotic effect of PKC. In agreement with this view, we substituted quercetin with GF109230X, a potent inhibitor of PKC isoforms (Toullec et al., 1991) , and Go6976, a specific inhibitor of cPKCa (Gschwendt et al., 1996) . The difference observed between anti-CD95 treatment versus anti-CD95 plus GF109230X was weak (Figure 6a ). On the opposite, the apoptogenic effect of anti-CD95 plus quercetin was more than double, and highly significant, with respect to anti-CD95 plus GF109203X treatment (Figure 6a ). When we substituted quercetin with Go6976, we confirmed the lack of any associative effect between anti-CD95 and inhibition of PKC activity. In Cell death was calculated as the decrease (%) in cell viability (neutral-red assay) of cells (0.4 Â 10 6 cells/ml) treated with anti-CD95 (50 ng/ml) in association with the reported antioxidants at the indicated concentrations, with respect to untreated cells. To estimate the dye uptake, cells were treated as described in Materials and methods, and absorbance was spectrophotometrically measured at 540 nm after 1 : 4 dilution of the samples. The addition of anti-CD95 by itself caused a decrease of 2075.3% in cell viability, where 100% corresponds to an optical density of 0.1570.05 (Materials and methods). The treatment was maintained for 12 h. *P=0.007; ANOVA, Bonferroni's test for multiple comparisons. The specific activity of caspase-3 (nmol AFC/min/mg protein) was calculated after treatment of HPB-ALL cells for 6 h, with anti-CD95 (50 ng/ml) in association with the reported antioxidants. Treatment with anti-CD95 by itself, for the same time, gave a specific activity of 1.7670.41. **Po0.001; independent sample T-test. ND: not determined Quercetin enhances CD95-mediated apoptosis by activation of PKCa M Russo et al fact, at a concentration of 2.5 mm, Go6976 was not able to increase caspase-3 activity in HPB-ALL treated with anti-CD95 (Figure 6b ). These data generated an apparent paradox: if PKC activation via PMA inhibited apoptosis in type-II cells (Krammer, 2000) , why PKC inactivation, via GF10923X and Go6976, did not induce apoptosis ( Figure 6 )? To clarify these aspects, we measured the enzymatic activity of PKC in our system. Unexpectedly, although quercetin was able to inhibit the basic cPKCa activity present in HPB-ALL cells (Figure 7a ), the association between quercetin and anti-CD95 increased PKC activity by four-and 16-fold with respect to anti-CD95 treated and untreated cells at 4 h. This was demonstrated by testing three different sources of PKC activity: (1) total cell extract (data not reported); (2) cell lysate after partial purification of PKC-enriched fraction on DEAE cellulose resin ( Figure 7a) ; (3) after immunoprecipitation of cPKCa isoform using a specific antibody (Figure 7b ). In the last case, the increase in cPKCa activity in HPB-ALL cells treated with quercetin and anti-CD95 was of five-, three-and 12-fold with respect to untreated, anti-CD95-treated and quercetin-treated cells, respectively. Figure 7c represents an immunoblotting of the cPKCa immunocomplexes after in vitro kinase assay to demonstrate that the amount of protein precipitated was comparable in all samples. This experiment also indicates that the level of expression of cPKCa did not change after treatment with quercetin and anti-CD95.
To further verify the role of cPKCa in quercetin/anti-CD95-induced apoptosis, we reasoned that if the associative effect(s) between quercetin and anti-CD95 was able to increase the cPKCa activity, and, consequently, induce PCD, the overexpression of an active form of cPKCa would have had the same effect. Therefore, we transiently transfected HPB-ALL cells with a vector expressing cPKCa. As reported in Figure 4 Immunoblotting of HPB-ALL cell extracts probed with antiphosphotyrosine antibody. HPB-ALL cells (5 Â 10 6 ) were treated with anti-CD95 (50 ng/ml), quercetin (50 mm), or both for 1 h. Cell lysates (100 mg) were loaded on SDS-PAGE, and immunoblotted to polyvinyldifluoride membrane. A monoclonal antibody specific for phosphotyroside (Transduction Laboratories) was used as primary antibody. Immunoreactivity was detected by a chemioluminescent method (ECL-Plus). Numbers on the right indicate molecular weight markers (kDa). A representative experiment is shown. Similar results were obtained using a different antibody (Santa Cruz Biotechnology) and different incubation times in the presence of quercetin and anti-CD95 (see text for details) Figure 5 Immunoblotting of PKC isoforms expressed in HPB-ALL cell line and aPKCi kinase activity, (a) Immunoblotting of a cell lysate (50 mg) and an immunoprecipitation (IP, 0.5 mg) deriving from an asynchronous population of HBP-ALL cells (3.0 Â 10 6 / well). The membrane was probed with a monoclonal antibody specific for cPKCa (Transduction Laboratories). Ctrl indicates the reactivity to the same antibody against a positive control (rat-brain cell extract) provided by the manufacturer, (b) HPB-ALL cells (50 mg) were treated with anti-CD95 (50 ng/ml), quercetin (50 mm) or both for 6 h, and cell extracts were prepared before immunoblotting using an anti-aPKCi monoclonal antibody (Transduction Laboratories). Rat cerebrum lysate, provided by the manufacturer, was used as positive control (not shown). Arrows indicate the molecular weight of the aPKCi isoform. (c) HPB-ALL cells (10.0 Â 10 6 /well) were treated as described in (b), lysed and immunoprecipated with the same aPKCi monoclonal antibody reported in (b) starting from 1 mg of cell extracts. aPKCi immobilized on beads was used as enzymatic source to in vitro phosphorylate histone H1. At the end of the kinase assay, the amount of substrate phosphorylated was determined by autoradiography (16 h exposure time), while the amount of aPKCi immunoprecipitated was evidenced by immunoblotting and chemioluminescence detection. For both, band intensity was determined by densitometric analysis and used to calculate arbitrary units (a.u.). A representative experiment is shown. Similar results were observed in two additional experiments Quercetin enhances CD95-mediated apoptosis by activation of PKCa M Russo et al Figure 8a , we first observed a dramatic loss of cell viability (68%), associated with an increase in caspase-3 activity (Figure 8b ) of 67% at 24 h. Finally, when we measured the increase of PKC activity at 24 h, we detected an increase of 200-fold with respect to control cells transfected with the empty vector (Figure 8c) . To strengthen the role of cPKCa activity in inducing apoptosis in HPB-ALL, we transfected the cells with a kinase defective mutant of cPKCa (pHACE-PKC-KR) kindly provided by Drs J-W Soh and IB Weinstein, (Columbia University, New York, NY, USA). Within 48 h from transfection, the mutant did not show any effect on cell viability, neither induced any increase in caspase-3 activity, but it did decrease the basal level of PKC activity by about 50% (data not reported). When we tested the response of PKC-KR-transfected cells to anti-CD95 plus quercetin treatment, we observed that cells transfected with the empty pHACE vector were indistinguishable from parental control cells in terms of caspase-3 increase (black bars in Figure 9 ). On the opposite, the presence of the kinase-defective mutant abolished the associative effect between quercetin and anti-CD95 (Figure 9 , white bars), indicating that Figure 6 Quercetin-enhanced apoptosis in HPB-ALL cell line is independent of PKC inhibitors, (a) HPB-ALL cells (2.0 Â 10 6 /well) were treated with anti-CD95 (50 ng/ml), quercetin (50 mm) and GF10923X (2.5 mm) as reported in the abscissa. Caspase-3 activity determined as reported in Materials and methods after an incubation time of 6 h. Asterisk in (a) indicates PC0.05 compared to anti-CD95 (second bar from left), (b) HPB-ALL cells were treated exactly as in (a), except for the use of Go6976 (2.5 mm) instead of GF10923X. Bar graphs represent the mean of three experiments (7s.e.) Figure 7 Quercetin and anti-CD95 activate cPKCa. HPB-ALL cells (5 Â 10 6 cells/ml) were treated with anti-CD95 (50 ng/ml), quercetin (50 mm) or both for the indicated times (a), or for 6 h (b). Then, cells were lysed and cPKCa activity was assayed after partial purification on DEAE cellulose chromatographic resin (a) as described in Materials and methods, or immunoprecipitation (0.5 mg) using the same monoclonal antibody reported in Figure 5a . Arbitrary units (a.u.) in (a) indicate cpm incorporated into the substrate normalized by the total amount of proteins present in the DEAE cellulose fractions (0.2-2 mg per assay). Bar graphs in (a) represent the mean of three experiments (7s.e.), while the data in (b) are representative of three independent assays, (c) Immunoblotting of the samples tested in (b). After immunoprecipitation and kinase assay, the immunocomplexes containing cPKCa were loaded on an SDS-PAGE and analysed by immunoblotting using as primary antibody the same employed for the immunoprecipitation Quercetin enhances CD95-mediated apoptosis by activation of PKCa M Russo et al lowering the activity of cPKCa, through the expression of a kinase defective mutant, the associative effect of quercetin and anti-CD95 was indistinguishable from that of anti-CD95.
Taken together, these data demonstrated that the treatment of HPB-ALL cells with quercetin, in association with CD95 stimulation enhances PCD by a mechanism that involves a strong activation of cPKCa.
Discussion
In this report, we investigated the molecular mechanism(s) by which quercetin, a naturally occurring molecule, well known for its antioxidant properties, is able to enhance CD95-mediated apoptosis in HPB-ALL cell line. The results are even more interesting considering that HPB-ALL cells are normally resistant to PCD, leading to the hypothesis that quercetin might be useful to sensitize leukemic cells to apoptosis, opening potential therapeutical prospective. Our observations suggest a fundamental role for cPKCa in quercetin/ CD95-mediated PCD, a theme that deserves further investigations.
Based on the classification of Scaffidi et al. (1998 Scaffidi et al. ( , 1999 and Krammer (2000) , cell lines can be divided into two groups: type-I and type-II, relative to the pathway they follow to activate apoptosis downstream of CD95. Jurkat cells-behave as type-II cells (Scaffidi et al., 1999) , and we demonstrated that HPB-ALL cells could be included into the same group for the following reasons: (1) HPB-ALL cells are sensitive to PMA, which results in the inhibition of CD95-mediated apoptosis (Cuvillier et al., 1998) ; (2) CD95-mediated PCD is enhanced by CHX in HPB-ALL cells, as well as in other resistant cell lines (Klas et al., 1993) ; (3) in HPB-ALL cells, anti-CD95 antibody activates caspase-9, an apoptogenic effector only in type-II cells. The effect of quercetin in enhancing PCD when associated with an activator of CD95 pathway (anti-CD95 in our experiments) was not Figure 8 Overexpression of cPKCa induces apoptosis in HPB-ALL cell line. Cells were transfected with pLTR-PKCa vector (empty vector, pLTR, as control) and allowed to grow for 24 h. Cell number was evaluated by trypan blue method (a). In a different experiment, cell extracts were taken at different times (6, 12 and 24 h) from transfection, and assayed for caspase-3 activity (b). (c) Aliquots of samples analysed in (b), taken at 24 h, were also tested for cPKCa activity. In this case, total cell extracts (0.2-2 mg per assay) were used as a source of enzymatic activity. The assays were performed using a commercially available kit (Promega) as reported in Materials and methods. Bar graphs represent the mean of three experiments (7s.e.) Figure 9 Overexpression of cPKCa kinase-defective mutant abolishes the effect of quercetin in HPB-ALL cell line. Cells (8 Â 10 6 ) were transfected with pHACE-PKC-KR vector (empty vector, pHACE, as control) expressing a kinase-defective mutant of cPKCa and allowed to grow for 48 h. Subsequently, cells were treated as indicated for 6 h using a concentration of 50 ng/ml for anti-CD95 and 50 mm quercetin before the determination of caspase-3 activity. Bar graphs represent the mean of three experiments (7s.e.)
Quercetin enhances CD95-mediated apoptosis by activation of PKCa M Russo et al unique of HPB-ALL cells, but also extensible to Jurkat, U2OS and Caco2 cell lines (in preparation). In the case of U2OS cells, derived from a human osteosarcoma, the association between quercetin and anti-CD95 led to an increase of PKCa activity (in preparation). We focused our attention on HPB-ALL cells since their resistance to anti-CD95 stimulation was much higher compared to other cell lines, and the overall effect of quercetin in sensitizing cells to PCD resulted more dramatic in HPB-ALL.
The present work reached at the conclusion that quercetin potentiates apoptosis in HPB-ALL cells by activating cPKCa. As reported in the Introduction, PKC family includes several isotypes differently expressed and regulated in the cells. The apparent conflicting conclusions on the role of PKC in apoptosis, even in studies involving the same cell lines, might be due, at least in part, to the existence of several PKC isoenzymes. In fact, reports describing the antiapoptotic effect of PKC, generally, do not mention which specific isoform was involved (Ruiz-Ruiz et al., 1999; Scaffidi et al., 1999; Gomez-Angelats et al., 2000; GomezAngelats and Cidlowski, 2001 ). On the opposite, the apoptogenic activity of the kinase seems to be mediated mainly by cPKCa (Shao et al., 1997; Shimizu et al., 1998) or nPKCd (Emoto et al., 1995; Mizuno et al., 1997; Le Good et al., 1998) . In this respect, HPB-ALL cell line represents a simplified model, since our immunoblotting analysis revealed that, among the 11 isotypes known, only two, cPKCa and aPKCi, are expressed at detectable levels ( Figure 5 ). However, we found that similar to other atypical PKC isoforms, for example, z (Frutos et al., 1999) , aPKCi was probably inactivated by proteolysis (studies in progress). Independent of this, we also reported that the kinase activity of aPKCi did not change following the treatment with quercetin, anti-CD95 or both ( Figure 5c) ; therefore, we concentrated our attention on the role of cPKCa. According to the behavior of type-II cells, PMA counteracted the activity of anti-CD95 (Figure 1a) , although less efficiently than in Jurkat cells (Scaffidi et al., 1999) , suggesting a slight activation of cPKCa that inhibited PCD. However, our data suggest that this pathway is relatively weak in HPB-ALL cells; in fact, the substitution of quercetin with GF109230X or Go6976 was not sufficient to sensitize cells to CD95-mediated apoptosis (Figure 6 ), indicating that (i) the decrease of the basal enzymatic activity of cPKCa was 'not sufficient' to trigger the apoptogenic phenotype in HPB-ALL cells and (ii) the effect of quercetin plus anti-CD95 could not be simply explained by admitting a decrease in PKC activity. On the contrary, the addition of quercetin to the system caused a strong increase in cPKCa activity that was associated with apoptosis. Quercetin per se is an inhibitor of PKC, although not specific (Davies et al., 2000) , as confirmed by our experiments; in fact, the treatment of HPB-ALL cells with quercetin resulted in a decrease of the basal activity of cPKCa (Figure 7a and b) , not enough to trigger apoptosis, confirming, indirectly, the weak effect of GF109203X, neither quercetin was able to modify cPKCa expression in vivo (Figure 7c) . It is the activation of CD95-mediated apoptosis that frees a quercetinsensitive factor able to activate a downstream effector, such as cPKCa, that enhances PCD in HPB-ALL cells. The strongest evidence of the crucial role of cPKCa in our system was provided by the transfection experiment that clearly demonstrated how PCD could be induced in HPB-ALL by increasing the amount of enzymatically active cPKCa (>200-fold). On the opposite, transfection of a kinase-defective mutant of cPKCa not only was ineffective in inducing PCD, but its overexpression abolished quercetin capability of increasing caspase-3 activity when associated with anti-CD95 (Figure 9 ). Our model suggests that the addition of quercetin drives cPKCa to a much higher threshold of activation that enhances PCD. How quercetin does promote this effect remains to be determined. We did not detect any effect of quercetin by itself, or in association with anti-CD95, on PKCa phosphorylation using two different approaches on HPB-ALL cells: immunoblotting with antiphosphothreonine antibody commercially available, and in vivo [ 32 P]orthophosphate cell labeling followed by immunoprecitation of PKCa (data not reported). Quercetin may positively modulate an activator of cPKCa, or inhibit its negative regulator(s). Possible direct or indirect target of quercetin might be PDK1/ PKB, a kinase that phosphorylates the activation loop of nPKCd and aPKCz and possible cPKCa (Le Good et al., 1998) , a hypothesis actually under investigation in our laboratory. Alternatively, quercetin could act on a pathway sensitive to tyrosine phosphorylation inhibitors. In fact, despite the result reported in Figure 4 on the effect of quercetin and anti-CD95 on total tyrosine phosphorylation in HPB-ALL cells, new, preliminary data obtained in our laboratory suggest that genistein, a well-known inhibitor of tyrosine kinases, behaves exactly as quercetin on HPB-ALL cells (in preparation), suggesting a role of quercetin as tyrosine kinase inhibitor. Finally, quercetin might exert its activity by modulating gene expression and regulation, as extensively reported in the literature (Iwao and Tsukamoto, 1999; Rong et al., 2000) . The high throughput proteome analysis of CD95-mediated PCD in the presence of quercetin might provide important data on this possibility. Certainly, whatever may be the mechanism of action of quercetin, it is strictly dependent on the activation of the CD95 pathway.
We can exclude that quercetin effects are correlated to its ability to inhibit PI3 K, whose activation protects cells against CD95-mediated apoptosis (Hausler et al., 1998) . Although quercetin is a good inhibitor of PI 3 K, with an IC 50 of 1.8-20 mm, the treatment of HPB-ALL cells with wortmannin, a more specific inhibitor of PI 3 K (Walker et al., 2000) , does not induce apoptosis by itself, neither in association with anti-CD95 (data not reported). At the present, we cannot exclude that quercetin per se might act (inhibiting or activating) on more than one kinase but this explanation seems unlikely since the molecule by itself is ineffective in inducing apoptosis in HPB-ALL. Again, quercetin exerts its activity only when the CD95 pathway is triggered.
We recently demonstrated that decreasing intracellular ROS in HPB-ALL by quercetin (Russo et al., 1999) or other antioxidants (this paper) does not induce apoptosis, suggesting that quercetin acts independent of its antioxidant properties. Therefore, the comparison between the structure and the activity of the flavonoids reported in Table 1 led us to hypothesize that specific residues in positions 4, 3 and 5 0 are important for the apoptogenic activity of quercetin in association with anti-CD95 treatment. In detail, catechin, myricetin and quercetrin possess a good antioxidant property, but are unable to induce apoptosis; their main structural difference with respect to quercetin are the following: (i) the ketone moiety in position 4 is missing in the flavonol (+) catechin; (ii) the OH in position 3 is free in quercetin and esterified with a glucose moiety in quercetrin; (iii) finally, the presence of an ÀOH in position 5 0 of the B ring (myricetin) is a negative moiety for the apoptotic activity. These data not only suggest the existence of specific intracellular target(s) for quercetin, but also demonstrate that, at least in this cellular system, variations in ROS levels are not essential in the apoptotic process.
Specific induction of PCD represents a new approach to the treatment of cancer, complicated by the observation that several cancer cells are resistant to common apoptogenic stimuli. As an example, in ALL cells of T-precursor phenotype, the presence of CD95 receptor is not sufficient to trigger apoptosis, although the molecular basis of this resistance is already poorly understood (Debatin and Krammer, 1995) . In this contest, chemoprevention might represent an alternative approach to cancer treatment. It is focused on the control of carcinogenesis rather than attempting to cure end-stage disease. Therefore, a molecule, such as quercetin, that could restore apoptosis sensibility on cell lines usually resistant to apoptotic stimuli might be of considerable therapeutical interest. Very recent data seem to support this view; in fact, quercetin decreases primary tumor growth, increasing apoptosis and preventing metastasis in a nude mouse model of pancreatic cancer (Mouria et al., 2002) .
Materials and methods
Reagents
RPMI-1640 medium and fetal bovine serum (FBS) were purchased from Invitrogen-Life Technology (Carlsbad, CA, USA); l-glutamine, 200 mm, penicillin 5000 IU/ml, streptomycin 5000 mg/ml, PMA and phosphate-buffered saline (PBS) tablets were purchased from ICN Flow (Costa Mesa, CA, USA); neutral red 0.33% solution, quercetin, rutin, quercetrin, catechin, myricetin, resveratrol, butylated-hydroxyanisole (BHA), gallic acid, vitamin E, cycloheximide (CHX) and dimethyl-sulfoxide (DMSO) were from Sigma Chemical Co. (St Louis, MO, USA); GF109203X was donated by Dr L Santella (Stazione Zoologica 'Anton Dohrn', Napoli, Italy); Go6976 was by Calbiochem-Novabiochem (San Diego, CA, USA); 2 0 -7 0 -dichlorofluorescein-diacetate (DCFDA) was by Molecular Probe (Eugene, OR, USA); anti-CD95/Fas/Apo1 monoclonal antibody (clone CH11) was from Immunotech (Marseille, France).
Cells, viability test, ROS measurement and transfection
Human tymoma-derived HPB-ALL (Morikawa et al., 1978) and Jurkat (Gillis and Watson, 1980) (kindly provided by Dr M Rossi, Institute of Food Science, Avellino, Italy) cell lines were cultured at a density of 0.2-0.4 Â 10 6 /ml in RPMI-1640 medium supplemented with 10% FBS, 1% penicillin/streptomycin, 1% l-glutamine at 371C in a 5% CO 2 atmosphere. The medium was changed every 48 h. The cytotoxicity of anti-CD95 monoclonal antibody, quercetin, quercetrin, rutin, catechin, myricetin, resveratrol, gallic acid, BHA, vitamin E, PMA, GF109203X and Go6976 were assayed using the neutral-red viability test (Fautz et al., 1991) . Briefly, cells were seeded in 24-multiwell plates and incubated for 12 h in a medium containing 0.1% DMSO (untreated), 50 ng/ml anti-CD95 and micromolar concentrations of the above-mentioned molecules solubilized in 0.1% DMSO. In the experiment with CHX, cells were preincubated for 1 h in the presence of 0.5 mg/ ml CHX, washed twice with PBS and treated with anti-CD95, quercetin or both for 12 h. The viability assay was performed by replacing the medium with a fresh one containing neutral red (0.066% final concentration). To estimate the dye uptake, after 3 h, cells were washed once with PBS, incubated for 15 min with lysis buffer (50 mm Tris-HCl pH 7.4; 150 mm NaCl; 5 mm dithiotreitol, 1% Triton X-100) containing 1% acetic acid and 50% ethanol, and absorbance was spectrophotometrically measured at 540 nm after dilution of the samples to 1 : 4. Therefore, in a typical control experiment, plating 0.4 Â 10 6 cell/ml, we measured an optical density of 0.1570.05.
ROS production in HPB-ALL cells was assayed essentially as reported (Russo et al., 1999) with small modifications, using DCFDA. Cells (1.5 Â 10 6 /ml) were incubated with different, nontoxic, concentrations of different compounds for 5 h, washed with PBS and incubated with 10 mm DCFDA for 30 min. After PBS washing, samples were spectrofluorimetrically (Perkin Elmer LS 50B, Wellesley, MA, USA) read with an excitation and emission setting of 495 and 530 nm, respectively. Subconfluent (70%) 100 mm-diameter dishes of HPB-ALL cells were transiently transfected by electroporation using 20-30 mg of the following vectors: pLTR expressing cPKCa (kindly provided by Professor W Li, Georgetown University, Washington, DC, USA), pHACE-PKC-KR (kindly provided by Drs J-W Soh and IB Weinstein, Columbia University, New York, NY, USA) or the respective control vectors, using a Biorad (Hercules, CA, USA) Gene Pulser apparatus and a standard protocol (low voltage, high capacitance) with minor modifications. At different times after electroporation, aliquots of cells were collected, washed in PBS, stained with trypan blue and counted to determine cell viability; a different aliquot was lysed in lysis buffer to assay caspase-3 and PKC enzymatic activity. Transfection efficiency (about 30%) was monitored by fluorescence, using a green fluorescence protein (GFP) expressing vector (pEGFP-C1, Clontech, Palo Alto, CA, USA) and using the same transfection protocol reported above (data not shown).
Protein concentration was determined using the Bradford method (Bradford, 1976 ) and the Biorad Protein Assay Dye Reagent.
Caspase-3, -8 and -9 assays
Caspase-3 protease activity was determined using the FluorAce Apopain Assay Kit (Biorad), while caspase-8 and -9 were assayed employing their specific substrates (Alexis Biochemicals, San Diego, CA, USA). Briefly, cells (2-3 Â 10 6 ) were incubated as described and, at the end of incubation, cells were washed twice in PBS, resuspended in lysis buffer (10 mm HEPES, pH 7.4, 2 mm EDTA, 0.1% CHAPS, 5 mm dithiotreitol, 1 mm phenylmethylsulfonylfluoride, 10 mg/ml pepstatina-A, 10 mg/ml aprotinin, 20 mg/ml leupeptin). Following measurement of protein concentration, cell extracts were added with reaction buffer and conjugated amino-4-trifluoromethyl coumarin (AFC) substrate carbobenzoxyAsp-Glu-Val-Asp-7-amino-4-trifluoromethyl coumarin (Z-DEVD-AFC), for caspase-3; Ile-Glu-Thr-Asp-7-amino-4-trifluoromethyl coumarin (IETD-AFC) for caspase-8 and Leu-Glu-Hys-Asp-7-amino-4-trifluoromethyl coumarin (LEHD-AFC) for caspase-9 before incubation at 371C for 30 min, according to the manufacturer's instructions. Upon proteolytic cleavage of the substrates by the different caspases, the free fluorochrome AFC was detected by a spectrofluorimeter (Perkin-Elmer LS 50B) with excitation and emission setting of 395 and 530 nm, respectively. To quantify enzymatic activities, an AFC standard curve was determined. Caspase-specific activities were calculated as nanomoles of AFC produced/min/mg proteins at 371C at saturating substrate concentrations (50 mm), as indicated in the manufacturer's instructions.
cPKCa immunoblotting, immunoprecipitation and kinase activity
For immunoblotting of PKC isozymes, cells were resuspended and lysed in cell lysis buffer (LB) containing: 150 mm NaCl; 10 mm Tris-HCl, pH 7.4; 1 mm EDTA; 1 mm EGTA, pH 8; 0.5% NP-40; 1% Triton X-100; phosphatase inhibitors (20 mm 4-nitrophenyl phosphate; 1 mm sodium vanadate; 40 mm sodium fluoride; 1 mm sodium pyrophosphate) and a cocktail of protease inhibitors (complete by Boehringer-Ingelheim, Germany), plus 0.2 mm phenylmethylsulfonylfluoride. Subsequently, cell lysates were sonicated for 20 s, centrifuged at 13 000 r.p.m. for 10 min and measured for protein concentration. Total protein lysates (0.05-0.1 mg) were added with 2 Â Laemmli loading buffer, heated at 951C for 5 min and loaded on a 10% SDS-polyacrylamide gel (Laemmli, 1970) . Subsequently, proteins were blotted onto polyvinyldifluoride membrane and incubated for 1 h in blocking solution made by 5% nonfat dry milk in T-TBS (0.1% Tween; 25 mm Tris pH 8; 137 mm NaCl; 2.69 mm KCl). Primary antibody solutions of different PKC isozymes were incubated overnight at 41C, according to the manufacturer's instruction (Trasduction Laboratories, Lexington, KY, USA). The membrane was washed in T-TBS and incubated with horseradish peroxidase-linked secondary antibody at room temperature for 2 h (Amersham Biosciences, Piscataway, NJ, USA). Bands were visualized by enhanced chemiluminescence's method (ECL Plus system by Amersham Biosciences). For immunoprecipitation of cPKCa, HPB-ALL cells were grown at a concentration of 5 Â 10 6 and incubated for the times indicated in figure legends with 0.1% DMSO (0.1% untreated), anti-CD95 mAb (50 ng/ml), quercetin (50 mm) or both. Then, cells were washed in cold PBS and lysed in 0.5 ml of LB buffer. Following determination of protein concentration, immunoprecipitation was carried out employing 0.5 mg of total protein lysates incubated with 2 mg of anti-cPKCa (Trasduction Laboratories) or 5 mg of control immunoglobulins (Sigma) at 41C for 2 h. Subsequently, cell lysates were incubated with 20 ml of protein A/G plus agarose (Santa Cruz Biotechnology, CA, USA) at 41C with agitation for 1 h to make cPKCa immunocomplexes. Finally, samples were centrifuged at 13 000 r.p.m. for 10 min at 41C, and supernatants removed. The beads associated to immunoprecipitates were washed in LB three times and loaded on 10% SDS-PAGE for immunoblotting, or washed twice in kinase reaction buffer before the determination of PKC enzymatic activity.
PKC activity in HPB-ALL cells was assayed using SignaTECT Protein Kinase C Assay system (Promega, Madison, WI, USA) on crude cell extracts, immunoprecipitated cPKCa or DEAE cellulose purified fractions obtained as indicated by the manufacturer's protocol. Reactions were made in the presence (activated PCK reaction) or absence (control reaction) of phospholipids, plus PKC biotinylated peptide substrate (100 mm), and 100 mm [g 32 P]ATP (2400 c.p.m./ pmol). Reactions were incubated at 301C for 30 min, and phosphate incorporated onto the peptide was determined according to the manufacturer's instructions. The enzymatic activity of PKC can be determined by subtracting the activity of the enzyme in the absence of phospholipids (control buffer) from that of the enzyme in the presence of phospholipids (activation buffer). Enzymatic activity was expressed using different units, defined in the figure legends, depending on the experimental conditions employed to perform the kinase assays.
aPKCi immunoblotting, immunoprecipitation and kinase activity
For immunoprecipitation of aPKCi, HPB-ALL cells were grown at a concentration of 10 Â 10 6 and incubated for 6 h with 0.1% DMSO (0.1% untreated), anti-CD95 mAb (50 ng/ ml), quercetin (50 mm) or both. Then, cells were washed in cold PBS and lysed in 0.1 ml of LB buffer. Following determination of protein concentration, immunoprecipitation was carried out employing 1 mg of total protein lysates incubated with 3 mg of anti-aPKCi (Transduction Laboratories), or 5 mg of control immunoglobulins (Sigma) at 41C for 2 h. Subsequently, cell lysates were incubated with 50 ml of protein A/G plus agarose (Santa Cruz Biotechnology, CA, USA) at 41C with agitation for 16 h to make aPKCi immunocomplexes. Finally, samples were centrifuged at 13 000 r.p.m. for 1 min at 41C, and supernatants removed. The beads associated to immunoprecipitates were washed in LB three times followed by three washes in kinase assay buffer (50 mm Tris, pH 7.5, 10 mm MgCl 2 , 0.5 mm EGTA, 0.1 mm CaCl 2 ) before the determination of aPKCi enzymatic activity essentially as described (Jamieson et al., 1999) , with few modifications. Briefly, washed beads were resuspended in kinase buffer containing 15 mg histone H1 substrate (Boehringer-Ingelheim), 160 mg/ml phosphatidylserine, 20 mm ATP and 10 mCi of [g 32 P]ATP. Reactions were incubated at 301C for 30 min. At the end of the incubation, supernatants containing the phosphorylated substrate were removed, added with 2 Â Laemmli loading buffer and boiled prior to 12% SDS-PAGE and autoradiography. Beads were washed in LB three times, added with Laemmli loading buffer and loaded on 10% SDS-PAGE for immunoblotting in order to detect the level of aPKCi immunoprecipitated. The immunoblotting procedure was as reported above. Bands deriving from histone H1 autoradiography and from aPKCi immunoblotting were quantitated by measuring optical density on Gel Doc 2000 apparatus (Biorad) and the Multi-analyst software (Biorad).
Antiphospohotyrosine immunoblotting
To determine protein phosphorylated on tyrosine residues by immunoblotting, HPB-ALL cells were grown at density of 5 Â 10 6 and incubated for 0.5-2 h with 0.1% DMSO (untreated), anti-CD95 mAb (50 ng/ml), quercetin (50 mm), or both. Then, cells were washed in cold PBS and lysed in 0.5 ml of LB buffer. Immunoblotting was performed exactly as described above for the PKC isoforms. A total of 100 mg of protein lysates were loaded on SDS-PAGE. Two primary antiphosphotyrosine antibodies were used: one from Trasduction Laboratories, and the other from Santa Cruz Biotechnology. Incubation of primary antibodies was carried out overnight at 41C, and bands were visualized by chemioluminescence detection (ECL Plus system).
Abbreviations
DCFDA, 2
0 -7 0 -dichlorofluorescin diacetate; DMSO, dimethylsulfoxide; IETD-AFC, Ile-Glu-Thr-Asp-7-amino-4-trifluoromethyl coumarin; LB, lysis buffer; LEHD-AFC, Leu-GluHys-Asp-7-amino-4-trifluoromethyl coumarin; PBS, phosphate-buffered saline; PCD, programmed cell death; PKC, protein kinase C; PI 3 K, inositol 1,4,5-triphosphate kinase; PMA, 12-O-tetradecanoylphorbol-13-acetate; T-TBS, Tween-20/Tris-buffered saline; ROS, reactive oxygen species; Z-DEVD-AFC, carbobenzoxy-Asp-Glu-Val-Asp-7-amino-4-trifluoromethyl coumarin.
